General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



DOE/NASA/1022-78/32 
NASA TM-78921 


VARIATION OF SOLAR 
CELL SENSITSVITY AND 
SOLAR RADIATION ON 
TILTED SURFACES 


Thomas M. Klucher 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


(NASA-TH-78921) VARIATION OF SOLAR CELL N78-26547 

SENSITIVITY AND SOLAR RADIATION ON TILTED 
SURFACES (NASA) 10 p HC A02/MF A01 CSCL 13A 

Unclas 

G3/4 4 2334 7 


Work performed for 

U.S. DEPARTMENT OF ENERGY 
Office of Energy Technology 
Division of Sobr Energy 



TECHNICAL PAPER presented at the 

Thirteenth Photovoltaic Specialists Conference 

sponsored by the Institute of Electrical and Electronics Engineers 

Washington, D.C., June 5-8, 1978 


DOE/NASA/1022-78/32 
NASA TM-78921 


VARIATION OF SOLAR 
CELL SENSITIVITY AND 
SOLAR RADIATION ON 
TILTED SURFACES 


Thomas M. Klucher 

National Aeronautics and Space Administration 
Lewib Research Center 
Cleveland, Ohio 44135 


Prepared for 

U. S. Department of Energy 

Office of Energy Technology 

Division of Solar Energy 

Washington, D. C. 20545 

Under Interagency Agreement E(49-26)-1022 


Thirteenth Photovoltaic Specialists Conference 

sponsored by the Institute of Electrical and Electronics Engineers 

Washington, D. C. , June 5-8, 1978 


E-9S61 


VAUtATIQN OP SOLAR CELL SKNSri'lVrTY AND 
SOr^AR ItADIATION ON TILTED SURFACES 


Thonms M, Ktucliqr 


Nnlloniil AoroniuiKcs and Spiico Administration 
Lovvis Rosoaroli Contor 
ClovolmicI, Olilo 


ABSTRACT 

An cmplrlcnl study vv ns ijorformed (1) to cvalunto Iho 
validity of various insolation modols used to coinpiito 
solar radiation Incidont on tilted surfaces from global 
data iiiousui-cd on horizontal surfaces and (2) to doter- 
mlno the variation of solar cull sensitivity to solar radl- 
allon over a wido range of ntiiiosphorlc condition. Eval- 
uation of tlie insolation data Indicates that tlio isotropio 
sky model of Liu and Jordan uiidorustimntcs the amount 
of solar radiation fulling on tilled surfaces by ns nuioh 
as 10%. All nnlsolroplo-oleai-aky model proposed by 
Temps and Coulson was also evaluated and found to bo 
deflolcnt under cloudy cundltloiis, A new mode!, formu- 
lated heroin, reduced tno deviations between measured 
and predicted Insolation to loss than S%. Evaluation of 
Solar coll sensitivity data indicates small change (2-2%) 
In sensitivity from winter to summor for tilted oeUs, 

The feasibility of using such global data as a mouiis for 
calibrating torrostrial solar colls us done by Treble is 
discussed. 

INTRODUCTION 

Accurate design prcdletlons of the output povvor 
from tilted solar coll arrays In terrestrial sunUght are 
complicated by (1) Insufficient knowledge of tlio exact 
amount of global (total Iieinlspherlc) solar radiation 
falling on Qio tUted surface and by (2) uncertainties In 
solar cell sensitivity (rntlo of the coll short-olroult 
current to Insolation), The problem of accurntely com- 
puting solnr radiation falling on a tilted surface arises 
beenUBo tlic array doslgnor must combine the available 
radlatioti data on horizontal surfaces with some Insola- 
tion model to cnloulnte the radiation on a tilted surface. 
Because of tlio variety and complc.\lly of terrestrial 
sunlight, a common assumption made In tunny models, 
such as the widely used Llu-Jordaii model (1) la dial the 
sky light distribution la Isotropic. Tills assumption 
oonsldornbly simpllfiea tlio oalculatlon, but la uiiroalls- 


(lo in many Instances and may lend to itinceurate results. 
Alternate models (2), which assume an anisotropic sky 
light distribution, are prlniurlly developed for use under 
clear sky coiull Ileus and may also bo imioeurnte under 
mniiy nimoaphorlo conditions. Neither typo of model 
lins been tlioroughly examined oxporimciUally, nor at- 
tempts made to Improve them. 

Even If tlio global solar radiation fnlllngon the 
tilted sui'fncc wore nccuratoly known, array output pre- 
dlrlloiis would attU remain imcorUiln because of n lack 
of information on the variation of solar coll sensitivity 
with ntmospliorlc varintlons. It Is well known that tlio 
spectral dlstrlbiillon of sunlight, mid hence solnr coll 
sensitivity, changos with vnrlntlon in cloud cover, ulr 
mass, wilier vapor and turbidity, llowovor, Iho extent 
of the variation In cell sensitivity Is still uncertain bo- 
onuso of n Inok of omplrlonl data on coll sensitivity 
variations under widely varying conditions Including 
tilted surfaces. Thus, in the ease of cell scnsUlvlty, 
ns well us insolation modeling, there Is an evident need 
for an extensive data base for ovalnnllon and reduction 
of the above uncertainties. 

An uetlvity wns started to accumulnlo such a data 
base ns part of the Tosts and Applications Project per- 
formed by tlio NASA Lewis Rescnroli Center for the 
Department of Energy National Plmlovolatlo Program, 
The objectives of the work wore (i) to test the validity 
of and to Improve Uio Insolation models used to compute 
solnr radiation on tilted surfaces and (2) to measure Uio 
variation In solar coll sonsttivlty over a wide range of 
ntmospliorlc conditions and several tilted surfaces. 

The approach Inkoii to achieve those objeotlvoa was to 
establish a data sot of hourly averages of insolation nnd 
concurrent hourly averages of solar coll short-circuit 
eurront, using pyranomotors nnd solar colls at several 
orlonlations. Data was taken continuously at tho Lewis 
noseitrcli Center In Cleveland, Ohio over n period of 
ton months from January to October 1977. In addition, 
this data also convenlontly allowed nn assessment of the 
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global calibration inolhocl need by Troblo (ll) to oallbrato 
rcforoncQ culls. 

Aininrntus mid MoiiBUfcmciitB 

Tlio iiiaobitlon and solar coll Bonsors used la the ox- 
porlmonl arc abown In Figure 1, Throo pyrnitomolors, 
facing due south, monsuro global Insolation received al 
0*^, 37°, and 00° tUt angles (measured from Ibo horizon- 
tal). A fourlti pyranomolor, also at 0° and oqulppod wIUj 
a slmdotv band, measiiroa the diffuse component and Is 
used as an aid to osllmuto the typo of day by comparison 
of the diffuse and total Insolailon, Each pyrnnomoter is 
Icmpornturr compensated to ±i% over the toinpernturo 
range of -20° to +d0° C Oiid is calibrated with rospeol to 
U)o IPS 1060 Standard Seale, 

.*?oiar coll short-olroult current under global radi- 
ation Is dotormtned with threo sensor packages oriented 
Idoutioally to the pyronontotor. The solar coll sensors, 
virtually Identical in spectral response (Fig. 2), are 
1 cm^ In area, soldered onto ICovar blocks, and mounted 
In housings Identical to the pyrnnomoter housings. Solar 
coll temperature Is measured with a thormocouplo In- 
serted in tlic ICovar block and is used to correct the cell 
output to a common temperature (25° C), The tilted 
sensors are equipped with artificial horizons to ullmlnnlo 
surface roflcollon effects. 


METHOD OF ANALYSIS 
Insolation Models 

The sta rting point for the evaluation of the Insolation 
models Is the Isotropic svey model described In Liu and 
Jordan (1). In this model, the Insolation on a surface 
tilted toward Uio equator at an angle c to tlio horlzonhtl 
Is given by; 
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whore I,j, Is total Insolation received by tilled surface, 
Ijj is total Insolation received by horizonbil surface, 

Ijj Is diffuse Insolation received by horizontal surface, 
a is solar elevation angle, iji Is angle between sun 
direction and normal direction of sensor surface, and 
e Is tut angle of tilted surface measured from horizon- 
tal. 

In tills effort the insolation terms inserted into 
cq. (1) wore hourly average values of Insolation obtained 
from sunrise to sunset during each day, Tho Insolation 


Ijl and Ip were measured by the pyrnnomolors and 
used In eq. (1) to calculate tlio total insolailon received 
on tho surfaces tilted ut 37° and 00°. These calculated 
Insolation values wore tlien compared with tho insolation 
I,p ineuBured at 37° and 00° to dotornilno how well tho 
Liu-Jordnn model predicted tho Insolation on each tilted 
surface. 

Tho data wore also compared with the anlsotroplc- 
oleur-sky model developed by Temps and Coulson (2). 

In their model Temps and Coulson combined correction 
factors with the isotropic diffuse radiation term to 
account for anisotropy in tho diffuse radiation field. 
They determined that a factor, I + sln’*(c/2), accounts 
for the Inorouso In sky light observed near tho horizon 
during clear days; similarly, sky brightening near U;e 
sun could bo approximated by tlio factor 
1 + cos^ ^ sln'*(90 - a), Applying the Toraps and 
Coulson correction terms to the Llu-usrdnn model, 
then, the nnlsotroplc-elcar-sky model hae the form; 
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Tho filial model cvaluulcd was an anisotropic model 
developed In tills effort based upon preliminary x’osults 
found with tho previous two models. This Inst model 
Involves an adjustment to the Temps-Coulson factors by 
n simple function containing tlio ratio of diffuse to total 
Insolation on Uio horizontal plane. As will bo shown In 
tlio RESULTS AND DISCUSSION, tho Llu-Jordnn model 
worked well for overcast days and the Temps-Coulson 
model worked well for clear days, The purpose of tlio 
now funetion was to modulate the Temps-Coulson factors 
ns tho skies varied from clear to overcast. This aniso- 
tropic, "nil sky" model thus lakes tho form; 
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whore F = 1 - (Ip/Ijj) Is Uio modulating function de- 
scribed above. Under overcast conditions, when the 
ratio of diffuse to total insolation, Is unity, tho 

all-sky model reduces to the Llu-Jordan Isotropic 
model. Under clear sky, when the ratio of diffuse to 
total Is observed to bo small, tlio all-sky model approx- 
imates the Temps-Coulson anisotroplc-cloar-sky model. 
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tfc»l«r CrII S«»n»tUvll^ 

Thf atuth ol Milarcrll M*nalUvlt\ (ratio ul ahort- 
I'lrt'ull currrnt U* InaoUtion) waa pcrfornuHi b> moana 
o( a rrtrvaalon ana'vala ul nwinthlv tiaia aria. Thcar 
data aria cunalaUHl ul huurly ayrraitc Inaolallun ami 
I'urrrapumUnK hmirlv avrraKr crll ahurt-clrrult currrnt 
lur rach cril, IMola ahuwInK the vartallun ul ahuii- 
rlrrull current, Ij^., with kIuImI Inmdallun, l,j., lur 
rach crll-pvram>mrlrr urlrniallun (o”, 3?'*, ami HO*’) 
and lur rach month iU>muiialratiHl a almplr linear rrla> 
lion hrtwrrn current and inaolalion, ulth the curve rx- 
IrmllnK IhrouKh the urtidn. The linear rrlailun auitKcala 
that a alnicle nu'aii value (or aenalllvlf . rrpreaenled In 
the alup«' «if Iht" curve, mav lie uainl (or each niontli. 
Therefore, a Iraal a<|uarea fit priH'etIure waa rmpluved 
to III a rcKreaalon line Ihruuult each monthiv tiala art 
uainK the e<|uation 

‘K’ *’s 4.' * r 

where the rcKreaaiun cunalani, >* dn- mean aenai* 

Uvlty ul a r-ell (or each month. Varlailona of S^. from 
miinth to month were delermliWHl (or each cell to evalu- 
ate the lunK term varlatiuna In aenaltlv'tvi the atamlard 
drvlallona u( hiturlv aenaltlvlty atxmt the monthly meana 
aenaltivlty were alao ilelermlned to evaluau varlailona 
In aenaltlvlty due h) ahert term varlailona In atmuaphrr- 
Ic cunditlona, 

IU)8llL r8 AM) UIML'I'SHION 
Inaolatlun Model Htudy 

KiKurra :i(a), (ti), and (C) llluairaie typical reaulla 
found (or each o( the three lna<datlon nuHlela atudled In 
ihia effort. The trenda illuatrated bv theae IlKurea are 
applicable to reaulta h> Ixtlh Ihe .17^ and 60** till an ;lea 
ao only the .17^ reaulta are ahown fur the aake of brevity. 
A complete art of monthly plota (or each mmlel over Uu‘ 
drat 0 montha ul Ihe aiudv are found In Keference -I. 

Fl|(ure :i(a) ahowa thai the LIu-Jordan laolroplc-akv 
model providea a kihkI fit to experimental data at the low 
Inlenaltv comlltlona (<‘.'0 to :i0 mW em*). Thia la to be 
rxpeciml, aince Ihe low Intenaltlea are primarily aaao- 
claled with the occurrence of overcaat aky conditiuna 
which have uniform diffuae Inaolatlun and little direct 

•y 

Inaolatlun. At the ht|{her Intenaltlea (>50 mW cm"), 
however, the laotrupic-aky mtxiel umlereatimatea the 
amount of aolar radiation (allInK on tilled aurfacea. 

In contrast to those results, the results fn>m the 
Tempa-t'uulaon anisotropic-clear-skv mmlel demon- 
strate a ko<hI fit to the experimental data on clear days. 


regartlless ol intensity level. This can la* seen In KIk- 
ure :i(li) In which Ihe data (or clear aklea (shuiktl sym- 
Ixds) fall alimii Ihe unity sbipe line. However, durinit 
clouily and tn-rrcaat ilava (open avmixda In KIk. t(fiH the 
Temps-Coulaon niwlrl i>verenllmates the Inaolalion on 
tilled surfaces. KIpirr :l(l>) shows predlclixl values ex- 
ceedlntt measurr«t bv as mwh as 10 mW cm In March. 
Much overratlmnlrs rani(r«l from alxml 12 m'V cm* In Ihe 
winter numlhs to afxiul .t-fi mW cm In Ihe summer 
Thus, this mtMlel, developetl lor clear sky citndlllona. 

Is olnlouslv m>l applicable to all almoapherlc comlltlona 

Kipire :i(c) lllusi rates Ihe fit of the anlaolro|ilc-ull- 
skv niiMlel lo the data The model predictions correlate 
very well with empirical data si rl| Intensity levels and 
all sky conditions The primary effect ol Ihe corrt>ctlon 
terms used In Ihe all sky mode! was b> rediwe Ihe sva- 
lemallc error previously obS4-rve<l In Ihe l.lu--lordan 
nuHlel at high In’ena ly levels without Ihe advere effects 
of overcorrectlona priwluced by Ihe Tempa-Coulaon 
clear-skv model ilurinK cliHulv ami oyercaat days. 

Data (or all ten months at :I7*’ a yd oo'’ are summa- 

rl/txl In Table I. TalxilattHl art* the differences lielween 

•> 

measurtHi amt calculahtf values obUilned at 7r> mW cm* 
ualnii thi‘ laotropic-sky nuxlel ami the anlsotr<>plc-all- 
akv imxlel. The dlflerem'es ranKixl (rum 2 to 10*1 for 
the lai>iropic-sk> nuHiel and are less than .Tf (or (he 
anisulropic-ull-skv nuMltd. It la appurent that Ihe 
anlsulroplc-all-sky nuHlel provides a better prediction 
of aolar radlatiiin on tilted surfaces ttian dm-s the 
laotrt.|Hc-sk> m>xk*l throuKhout Ihe teat (N'rlod, 

fell Wenalttyttv Study 

KiKure 4 Illustrates tlie variation In monthly mean 
sensitivity, 8^., over the lO-numth perlitd studied. 

The mean aenaltlvlty of (ht* tilted cells exhibit a varia- 
tion ol less than .Tf, while Ihe sensitivity variation of 
the cell at o'* tilt la somewhat itreater (-’51). fk>me of 
(his variation, particularly fur the tutrlzontal cell, may 
lie attributed to optical surface refleclion losaes For 
example, the low sensitivity of the horizontal cell In 
January amt February can lie explalmxl bv (he deviation 
of celt response from an Ideal cosine response as the 
sunllKht at low winter elevation anKles strikes the cell 
surface at far from mirmal Incldem'e antcles, To deter- 
mine the hurt/ontal cell's sensitivity variation to atmo- 
spheric variations only, reflection losses as a (unction 
of incidence anKle were determlncHf empirically and ad- 
justments maiU* to (he hourly aversKe short circuit 
current data sets. As shown In Fliture 4 the ad)uste<1 
results show a slight re<luctlon In sensitivity variation 
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lor ihr horUonUl rrll ('.1. .TT). I'hua, It a|i|M<ar» (n>ni 
Ihia atuilv that apnalllvlty varlalUHU ihio to at^rral varl- 
atlona In alinoaphtTlr comlllloiui aloiM* arr Iraa than Jfi, 

Thr alaiHlani ilrviatlona o( hourly ariialllvltv valura 
atkiul Ihr roitrraaion rurvr wrrr alao ohlaliHti In onk’r 
to ilrtrrmlra* thr variation in coll arnaltlv||\ with hourly 
varlatlona In almoaphoru' coikiltlona . Tattlr II lltua- 
Iratra thr minimum and maaimum atamlard iirviallona 
(In piTcrnt) (ouml over the Ipn numlh trat ppriod, irrp- 
a|irt'llvp of i'pII tilt an,tlp Mliu'p tlipap atamlard ilrvla* 
IkM*. arr a mraaurr of the rioarnraa with which monthly 
nira. arnaiilvltv valuca rpprrarni the hourly varlalloiia 
in cpII arimitlvltv, they iiMlIcatr lh«- iwrvpiitatcc errora 
which would Iw incurred If a alnitlr mmaltlvlli value 
(monthly mean) were aaaumetl In hourly ilealKii calcula- 
tlona It can lie aeen lait the maximum alamlarti devia- 
tion In Tnlde II waa l.dT at MO mW.cm* a.id S.M'T *t 
*1 

mW cm*. In abaolute terma, th<- Mtamlard deviatlona 
of the abort circuit current la eanentlall> conatant at all 
Inteiiallv levela, 

Keaalbtllly ol CiIoImiI rallhratlon 

The conatancy of mon'hly mean avmaltivlty aiwl the 
goiHl preclalon olitalnixl In hiHirlv aenaltlvlly iiieaHure- 
menta at hl|(h Intenaltica nuKKCHt the |Hiaalblllty that a 
KIoIwiI calibration tcchnuiue may In* uaetl to calalillah 
reference ccIla for pt-rformance meaHurementa of field 
arrava. Aa pointed out In the Introduction, a itlolail cal- 
ibration procedure haa been uatnl lor aevcral veara by at 
leaat one Inveatiitalor, Treble (n)i In that melhiHl, call- 
bratlona are perforintd fur aotar cella on a horizontal 
plane umler apectal conditlona, AccordliiK to Treble, 
Inaolatlon, atvlar elevation anitle and almoapheric condi- 
tlona muat meet the followinK conditlona; 

(1) itlotial Irradiance on horizontal aurface 
■» 

' 80 mw cm* 

f2) aolar elevation anitle * 

(3) clear akv with dllfuae to kIoIwiI Irradlancv ratio, 
>* .25 

Thia itlolial calibration methixl waa evaluated uai.nii 
the monthly data aeta deacribed prevloualy. The rc- 
atrlcUona recommended by Treble dealing with the aolar 
elevation anitle and the diffuse to itlolail radiation were 
followed In order to reject unwanltd data pointa from 
each data aet. It waa felt that theae two reatrictiuna 
allowed aufflclml data to permit a kihxI evaluation of the 
global technique. Alao, the limit on elevation angle waa 
tranaformed to a limit on the aolar inclilence angle 
(ri 35°) to permit uae of the data from the tlltiHl cella. 


Mean aenalllvllv valuea oi the realrictid miHitIv 
■lata aeta were olMaimd bv regreaalim a.ialvala ol each 
cell-month comblnatloni ilM-a«> aeiialtlvltv valuea are the 
calibration valuea which would lie otilaimd ilerlng a 
glolwl calibration of relereiwe cella The n-aulta of the 
regreaalon analvala of dala which meet llw realrlctlona 
ol n * ,2.1 ami aolar Im'ldence anglea eijual to or leaa 
than .13° arr ahown In Table III. The reaulta In Table III 
ahow that, excc)rt lor the Januarv ami February reaulla 
ol glolail calibratlona ol ihe :f7° till cell, month to month 
reproducibllltv of cell calibration la within *T' ol the 
overall average calibration valuei tlw ileviatlona In 
.lanuarv ami F'ebruarv (37°) were within >1 Treble 

Imllcatea a reproducibllltv within tl'T lor cella call- 
brateil vearlv bv Ihe global l(H'hnli|Uc (:i). Thua, the 
glolail calibration methtd afiyieara to Im* a leaiblr call- 
brallon Itx'hiibiue for atumlar<ll/.lng aolar cella In the 
Terrcalrlul l'li)>tov<ilUitc programa ami warranta further 
conalde ration. 

rttNl'l.l'SIONS 

ThIa |M|a'r dcacrllma the reaulta id an evaluation id 
a data laiae of hourly averagea ol inaidallon ami aolar 
cell abort circuit current taken contlnmmalv over a |w>rl- 
ihI ol ten montha In I'leveland, Ohio. Teata of Itw valld- 
Itv of certain Inaidallon nuHltda lor tlltid aurfacea ami a 
ilelermlnallon of Ihe variation In aolar cell aenalllvlty 
lid to Ihe following comdualona; 

1. 'the laotropic-akv inaidallon nuMbd of l.lu-Jordan 

provlilea a gixd fit to empirical data at low Inlenalllea 
•* 

(<.H) mW cm*) lait umk-reatlmaiea Ihe amount of aolar 

radiation falling In tlllid aurfacea at Intenaltv levela 
■> 

alkivp 30 mW cm" 

2. The amaolroplc-clcar-akv nudrl of Tempa ami 
C'oulaon providea a gmd correlation Ix’lwern meaaured 
and predicled Inoidatiun on tlllid aurfacea for clear 
akiea lait overeallmate the inaolatlon for moativ cloudy 
ami ovcrcaal comlltlona, 

3. The aniavilropic-all-akv niidel formulated In thia 
effort provlilea a Iwtlpr prediction of aidar railiatlon on 
tllteil aurfacea than either t)w laotropic or anlmdroplc- 
clcar-akv midela. 

4. A mean aolar cell aenaltlvlly wa« edculated fur 
eac'. month. 3'hr variation of monthiv aolar cell aenal- 
t.vltv due to atmoapheric variation waa about 3tf over Ihe 
perlid of thia atudy. l.'ffecta of optical aurface reflec- 
tion loaoea Im-reuaid the variation of the horizontal cell 
aenaltlvlly to 5^. Hourly aeiialtlvltv variation (IFlil. 
ilevlation) an* leaa than :i% at Intenaltica greater than 
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■lO niW cm* but imTCtBc U» '•'T at Umcr tnicnatliaa 
fjn mM cm*), 

, 1 . The kIoImI cahhralltMi mclhoil ap(M<ar bi tn> a 
Icaaihic allcrnall\c lo normal tticUicner callhralloii 
mrlhotta currently uard aiul uarrania lurlhcr alwly . 
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TEST FACILITY SENSOR SUBSYSTEM 



Figure 1. 


COMPARISON OF SPECTRAL RESPONSE AND SHORT 
CIRCUIT CURRENT OF CELLS USED AS SENSORS 
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Figure 2. 


ANISOTROPIC ALL SKY MODEL RESULTS 
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Figure 3ial. 


ANISOTROPIC CLEAR SKY MODEL RESULTS 
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Figure 3(b). 
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